CODELLA, S. G., JR., FOGAL, W. H., and RAFFA, K. F. 1991. The effect of host variability 3n growth and performance of the introduced pine sawfly, Diprion similis. Can. J. For. Res. 21: 1668-1674. Diprion similis (Htg.) (Hymenoptera: Diprionidae) was reared in the laboratory on Pinus banksiana Lamb. and Pinus strobus L. from the second stadium through adult emergence. Groups of larvae were fed current-year or previous years' foliage from specific trees. Host species had a significant, but limited, effect on D. similis growth and performance. Foliar age had a stronger and more consistent effect on development. In contrast with reports for other diprionid species, previous years' needles had a consistently greater adverse effect on D. similis performance than did new growth. This suggests that there is a conflict between the avoidance of host tissues with high allelochemical concentrations and the avoidance of those with reduced nutrient content. Larval survival did not vary between foliar treatments, which suggests that the detrimental effects of host diet are chronic rather than acute. Female fecundity was strongly associated with cocoon weight, but the relationship varied with host diet and diapause incidence, as did the relative reproductive potential. Substantial between-tree variability in insect performance indicates a potential for resistance breedinhrograms. Tree rankings for each performance variable were highly consistent, which would permit the development of an expeditious screening procedure.
The 'effect of host variability on growth and performance of the introduced pine sawfly, Diprion similis Introduction Variation in host-plant suitability can profoundly influence the dynamics of plant-insect interactions (Mattson et al. 1982 ; Denno and McClure 1983) . Plant characters, such as allelochemistry (Cates and Redak 1988) and nutrient status (Clancy et al. 1988) , can significantly alter herbivore growth, development, and fecundity. This variation is not limited to interspecific host differences, but can also occur intraspecifically among populations (Charles et al. 1982 ; Raffa and Berryman 1982) and individuals (McKey 1979;  Raupp and Denno 1983) . The relative contribution of these levels to the overall variation in resource quality confronting herbivores, however, has not been addressed for most systems.
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Printed in Canada / Imprim~au Canada Traditionally, forest tree improvement programs have been based on variation within and between populations. If phenotypic differences affecting herbivore growth and performance can be confirmed, environmental and genetic influences can, subsequently, be quantified (Tingey and Singh 1980) . Because of the numerous effects of plant traits on insects, a wide variety of characters should be inspected initially. This information can then be incorporated into a screening and selection procedure (Hanover 1980) .
Conifer sawflies (Hymenoptera: Diprionidae) are important defoliating pests throughout North America and Europe. This family has undergone an adaptive radiation in association with the Pinaceae (Knerer and Atwood 1973) , and species exhibit diet breadths ranging from extreme monophagy to relative polyphagy (Coppel and Benjamin 1965) . There is evidence of interspecific ; Kapler and Benjamin 1960 ; Henson et al. 1970) and provenance (Arend et al. 1961; Wr-ight et al. 1967 ) differences in pine susceptibility to diprionids. There is also within-plant variation, as most species cannot feed on current-year foliage early in the growing season owing to high levels of diterpene resin acids that toxify, inhibit, or deter larvae (Ikeda et al. J977; Larsson et al. 1986 ). Environmental factors, ,such as light, temperature, moisture, soil, nutrients, and plant associations, can also influence diprionid growth and developmental parameters (Prebble 1941a; Wallace and Sullivan 1972; Averill et al. 1982; Larsson and Tenow 1984; Hanski and Otronen 1985) .
The present study examin~s the effect of three levels of host variation, interspecific, interi'ndividual, and intraindividual, on the growth and performance of the introduced pine sawfly, Diprion simi/is (Htg) . Diprion similis, which was accidentally introduced from Europe into North America early in this century (Coppel et al. 1974) , has a moderately broad host range and feeds on all age-classes of foliage.
Females have six and males five feeding instars. Diprion similis overwinters in the cocoon stage, with diapause induced by short days (Coppel et al. 1974) . In North America, white pine, Pinus strobus L., is the preferred host (Tsao and Hodson 1956; Coppel et al. 1974; Huber and Hain 1984) , but jack pine, Pinus banksiana Lamb., is also attacked frequently (Tsao and Hodson 1956) . Both pines are important commercial tree species in North America. Significant seed source variation in growth, wood quality, form, and susceptibility to insect and disease factors is known in both pines, and genetic improvement is considered a high priority (Fowler and Heimburger 1969; Yeatman and Teich 1969; Yeatman 1979; Zsuffa 1979; Fogal et al. 1982) .
Materials and methods This study was conducted in June and July 1975 in a mixed natural stand of fire origin near the federal municipal airport, Sault Ste. Marie, Ontario. A dominant or codominant white pine and jack pine tree was randomly selected from each of 10 sites at least 100 m apart within the stand. Jack pines averaged 43 ± 5 (standard error of the mean) years and 15.2 ± 0.8 cm diameter at breast height (dbh);~hite pines averaged 35 ± 3 years and 15.2 ± 0.5 cm dbh.
Diprion simi/is larvae were obtained from a continuous laboratory culture originating from material collected from a population near Thunder Bay, Ontario. Larvae were reared primarily on Scots pine, Pinus sylveslris L., prior to the experiment. Assays were conducted in a growth chamber at 21-23°C, 60-70% RH, and a 16 h light : 8 h dark cycle. Generally, photoperiods with less than 17 h light induce prepupal diapause in cocoon-overwintering Diprionidae (Knerer and Marchant 1973) . Foliage collected from the midcrown of each tree was divided into current-year and previous years' age-classes, the latter including a mixture of growth 1-4 years old. The age-classes were fed separately to groups of 20 newly molted second-instar larvae in 0.9-L mason jars beginning the 1st week of June. Resin acid levels are high in current-year foliage at this time of year and do not decline substantially until late July (Ikeda et al. 1977) . At 2-day intervals, frass was removed, and uneaten foliage was replaced with fresh material from the same tree. Each treatment (host species, foliar age, tree individual) was replicated five times for a total of 200 rearings. The replicates were distributed equally over five vertically tiered shelves and were retained in their initial positions throughout the experiment.
Larvae began to spin cocoons at the end of June; these were collected, weighed, and stored individually in vented plastic vials under the same conditions maintained during feeding. Cocoons were sexed by relative size (Coppel et al. 1974 ). Most adults emerged by mid-July. Adults were counted, and females were dissected for egg counts. Cocoons remaining at the end of August were stored at 4-8°C for 2 months to fulfill diapause requirements (Knerer and Marchant 1973; Coppel et al. 1974 ) and were then returned to initial conditions. Cocoons that still failed to produce adults were dissected to record mortalities.
Ten variables that measured sawfly growth and performance were recorded: percent survival to fourth instar; cocoon spinning and adult emergence; days to cocoon spinning (henceforth development time) by sex; cocoon fresh weight (in milligrams) by sex; percent diapause incidence by sex; and fecundity. In addition, the relative reproductive potential (RRP; Lyons 1970) of a hypothetical population of 100 sawflies was calculated separately for total populations and diapausing subpopulations in each treatment using the following formula:
where E is fecundity, R is sex ratio (percent females), and S is percent survival to adult emergence.
As early instar diprionids cannot be sexed nondestructively, the original sex ratio in each jar is unknown and survival data, therefore, are pooled. Based on field observations of various Diprionidae (Benjamin 1955; Lyons 1964; Coppel and Benjamin 1965; Henson et al. 1970; Coppel et al. 1974; Lyons and Sullivan 1974) , a standard sex ratio of 0.75 (proportion of females) was used to calculate RRP. The actual final sex ratios in the samples averaged 0.21 ± 0.000 08, which clearly reflects laboratory artifacts favouring oviposition by unmated, parthenogenetic females. Therefore, realistic extrapolations to natural conditions can be made based on field data, which generally show a female bias. For diapausing subpopulations, the standard value was adjusted for diapause incidence in both sexes to reflect the shift in sex ratio in the diapausing generation (see Results).
Data were analyzed, following the general linear models procedure of SAS (SAS Institute, Inc. 1982) , as a three-way nested design (host species, foliar age, and tree (host species)) with blocking (shelf). Percentage data were arcsine transformed for analysis (Zar 1984) . Linear regression analyses were used to examine the relationship between female cocoon weight and fecundity, and slopes and intercepts of the resulting lines were compared using the methods of Zar (1984) . In addition, Kendall coefficient of concordance for large samples (Siegel and Castellan 1988) was used to compare rankings of individual trees within a species for those performance variables that showed a significant tree effect. Ranks were included for both current and older diets.
Results

Performance variables
Host species had a significant effect on 3 of the 10 D. similis performance variables measured (Table 1) . Jack pine reared larvae produced heavier male and female cocoons and showed a 17070 increase in fecundity. Foliar age and tree individual each significantly affected 7 variables (Table 1) . Development times were prolonged between 0.62 and 1.64 d on previous years' foliar diets, with females generally being more affected. Likewise, male, and especially female, cocoon weight declined on older needles, as did fecundity. Cocoon and adult survival were also significantly reduced on old foliage, although less markedly. Four variables, male and female cocoon weight, fecundity, and female diapause incidence, showed significant interaction between host species and foliar age, with age effects being more pronounced in white pine than in jack pine (Table 1 ). All 10 variables showed a significant shelf effect (Table 1) . Performance was generally poorest on the lower shelves, which may have resulted from differences in light intensity. - Overall, survival variables (larva, cocoon, adult) were least affected by host diet (Table I) . No significant differences occurred in larval survival. However, both cocoon and adult survival were significantly affected by foliar age and tree individual.
Female cocoon weight and fecundity were significantly affected by diapause incidence. When compared with directdeveloping sawflies, diapausers weighed more (I00.8 ± 1.4 versus 93.6 ± 0.7 mg, t = -4.50, df = 92, P < 0.00 (1) and carried fewer eggs (65.3 ± 1.9 versus 78.5 ± 0.9 eggs, t = 6.16, df = 88, P < 0.00(1). Therefore, diapause influenced both RRP and the cocoon weight -fecundity relationship (see later). Diapause incidence was consistently greater among males than females regardless of diet (Table 1 ; Mann-Whitney V-test, P < 0.003 in all cases).
Relative reproductive potential
In the case of both diapausing sawflies and the population as a whole, RRP was significantly affected by host species, foliar age, and their interaction (Table 2 ). In addition, total sawflies showed a significant tree effect. The RRP of diapausers was consistently lower than that of all sawflies combined, with reductions ranging from 13.6 to 49.10J0 (Table 2) .
Cocoon weight -fecundity relationship
There was a strong relationship betweenJemaie cocoon weight and fecundity for nondiapausing individuals; however, this varied with host diet (Fig. I) . When the four diets were analyzed separately, each regression was significant-at P < 0.0001 (jack pine, r 2 = 0.49 (current year), 0.67 (previous years); white pine, r 2 = 0.47 (current year), 0.71 (previous years». Comparison of the four host species -foliar age regression equations indicated that the data were best described by two lines: one for the pooled results of jack pine (current year) and white pine (current year and previous years), and another for jack pine (previous years) (slope, F = 4.60, df = 524, P < 0.01; y-intercept, F = 0.57, 'df = 381, P > 0.05). The resulting lines describe equally strong relationships (r 2 = 0.67 and P > 0.0001 in both cases; Fig. 1 ). Although significant due to the large sample sizes, the relationship was weaker if diapausing females were included and poor if they were considered separately (r 2 = 0.56 ad 0.31, respectively, all points; P < 0.0001 in both cases).
lnterindividual variation
Individual trees showed significant differences in sawfly performance for 7 of the 10 variables (Table 1) . Therefore, trees of both species were ranked for each of these affected performance variables on both current and older foliage according to their adverse effect on sawfly performance (N = 14 rankings/tree). Kendall coefficient analysis indicated that the ranks were highly consistent for the trees of both species (jack pine, x 2 = 54.72, df = 9, P < 0.001, avg. r 2 = 0.39 for 91 correlations; white pine, x 2 = 69.54, df = 9, P < 0.001, avg. r 2 = 0.52 for 91 correlations). In such a situation, the mean rank of all variables for a tree is a reliable estimate of its overall rank (Siegel and Castellan 1988) . This was due both to the agreement of rankings when current and previous years' foliage were considered separately and to the autocorrelation between such sawfly performance variables as cocoon weight and fecundity. Thus, trees that were poor substrates for NOTE: There were 10 trees/species,~O-larvaeljar: and 5 replicates. aRRP = ERS x 100; where E is fecundily, R is sex ralio ('70 females), and S is survival to adult. For 10lal populations, R = 0.75 (alilrealments); for diapausing populations, R = 0.5169 Uack pine, current), 0.6269 Uack pine, previous), 0.6109 (while pine, current), and 0.3333 (while pine, previous). See text for discussion.
bF-values are derived from general linear-model analysis (SAS Institute Inc. 1982) . ns, P > 0.05; " P < 0.05; ", P < 0.01; and ••• , P < 0.0001.
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FIG. I. Relationship between female cocoon weight and fecundity in Diprion simi/is. Analysis indicated that the data are best described by two regression equations; (A) pooled data for jack pine (current-year foliage) and white pine (current-year and previous years' foliage); (8) data for jack pine (previous years' foliage). See text for discussion. formance on current-year and l-year-old jack pine foliage and recorded a prolonged development time (third stadium to cocoon spinning) on the younger needles. The inclusion of foliage up to 4 years old in the current study likely introduced nutrient-poor tissue into the protocol. Studies with the yellowheaded spruce sawfly, Pikonema alaskensis (Roh.) (Tenthredinidae), have indicated a parabolic association D. similis tended to be consistently so regardless of the variable in question. Discussion Host variability had a significant influence on D. similis growth and performance. Host species had relatively little effect, whereas foliar age and tree individual played major roles. The effects were strongest on cocoon weight and fecundity, whereas survival was generally unaffected.
Although previous work (Tsao and Hodson 1956; Huber and Hain 1984) has reported that D. similis females prefer white pine over jack pine as an oviposition substrate, there was little indication in this study that host species alone greatly affects progeny success. These findings reflect Janzen's (1979) view that specific plant characters affecting herbivore performance, such as nutrition, allelochemistry, and physiological condition, do not divide neatly across taxonomic lines. The frequent discrepancy between adult insect ovipositional preference and larval performance has received considerable attention in the recent literature (reviewed by Thompson 1988 ) and may result from a variety of ecological and evolutionary factors. Because the two pine species in this study differ markedly in such characters as needle cross-sectional girth and shape, the preferences of D. similis females may relate to some aspect of ovipositional mechanics, which is highly stereotyped in related species (e.g., Ghent 1959) . Thus, some suitable hosts may be relatively unavailable to larvae owing to physical constraints on ovipositing females.
The pervasive influence of foliar age on diprionid success has been noted for many sawfly species (Coppel and Benjamin 1965; All and Benjamin 1975; Schuh and Benjamin 1984) . Species that can consume foliage from all age-classes generally exhibit reduced performance on (Schuh 1983) , or relative avoidance of (Codella and Raffa 1990) , young tissue. In contrast, this is the first report of improved performance of a diprionid sawfly on early season (June) current-year conifer foliage. In the present study, the previous years' foliage was 1-4 years old. It is suggested that the reduced success of D. similis on older foliage in this study reflects the effect of decreasing needle nutritive content with age, as observed for a variety of Pinus species (e.g., Madgwick 1964 , Morrison 1972 , Comerford 1981 ; see also Mattson and Scriber 1987) . In most previous studies of diprionid nutritional ecology, specific needle age-elasses have been used (e.g., Schuh and Benjamin 1984) . In contrast with the present findings, Fogal (1974) compared D. similis per-between mortality and nitrogen content (Popp et al. 1986 ), which has been predicted as a general relationship in plantinsect interactions (White 1984) . Thus, in D. similis, a tradeoff may exist between the consumption of nutritious, but highly protected, current-year growth and weakly defended, but nutrient-poor, older needles (Cates et al. 1987; Clancy et al. 198~ . The present results are relevant to natural conditions because they reflect the mixture of needles that D. similis is exposed to in the field.
The uniform survival rate of larvae in this experiment indicates that foliar differences have little apparent influence on the initiation of feedingc Thus, the deleterious effects of host diet on D. similis are chronic rather than acute, as differences are not manifested until later in the life cycle. Previous studies with other insects have often indicated the importance of acute toxicity or high deterrence in plant defenses, with early instar larvae being most sensitive to host characters (e.g., Reese 1983) . The substantial influence of diet on development and fecundity in this study underscores the effect of suboptimal nutrition, either due to a nutrientpoor substrate or to some deleterious effect of allelochemicals, on reproductive success.
Insect diapause is often controlled by photoperiod and temperature, but can also be influenced by seasonal fluctuations in host-plant nutrients (Danks 1987) . As in the case of the European spruce sawfly, Gilpinia hercyniae (Diprionidae) (Prebble 194Ia) , neither host species nor foliar age alone affected D. similis diapause. However, there was a significant species-age interaction in female diapause incidence in the present study. As a result, both RRP and the cocoon weight -fecundity association yaried with developmental regime. The marked decrease in RRP among diapausing sawflies was further accentuated by the greater degree of diapause incidence among males than females, which skewed overwintering sex ratios toward 0.5. The increased RRP on jack pine versus white pine again emphasizes the lack of concordance between female preference and larval performance (Thompson 1988) .
The relatio.nship between female cocoon weight and fecundity is largely unexamined in the Diprionidae, although other workers have compared egg number with such characters as cocoon diameter (Lyons 1970) and forewing length (Wilkinson and Drooz 1979; Knerer 1984) . The sensitivity of the cocoon weight -fecundity association in D. similis to both diet and diapause incidence indicates that the relationship is highly variable. Cocoon weight is often assumed to be a good predictor of fecundity in insects (Englemann 1984) , although this relationship may be complex (Leather 1988) . In the present case, nutritional constraints, as well as the metabolic requirements of overwintering, may have resulted in the reallocation of energy away from egg production (Chapman 1982) , as has been suggested for other sawfly species (Sullivan and Wallace 1967; Lyons 1970; but see Prebble 194Ib) .
The high intertree variation revealed in this study indicates that further exploration of the natural resistance of jack and white pine to defoliators is worthwhile. The extent of variation present within small samples within a single stand suggests that such searches should not be limited to putative between-stand differences in susceptibility. The high concordance of between-tree rankings may allow researchers to reduce the number of variables tested, so that screening programs can become more expeditious and logistically workable. Analyses could be limited to females, diets to a single age-class of foliage, and observations to development time and cocoon weight. Diprionid sex ratios are generally female biased (Coppel and Benjamin 1965) , and females will have a more direct impact on the size of subsequent generations owing to arrhenotokous parthenogenesis. The duration of the larval stage may determine exposure to predators and parasites in the field, and cocoon weight is a predictor of egg number (Fig. I) and thus relates to RRP.
